Abstract Large power transformers (LPTs) are critical yet vulnerable components of the power grid. More frequent and intense heat waves or high temperatures can degrade their operational lifetime and increase the risk of premature failure. Without adequate preparedness, a widespread situation could ultimately lead to prolonged grid disruption and incur excessive economic costs. Here, we investigate the potential impact of climate warming and corresponding shifts in summertime Bhot days^on a selected LPT located in the Northeast United States. We apply an analogue method, which detects the occurrence of hot days based on the salient, associated large-scale atmospheric conditions, to assess the risk of future change in their occurrence. Compared with the more conventional approach that relies on climate modelsimulated daily maximum temperature, the analogue method produces model medians of late twentieth century hot day frequency that are more consistent with observation and have stronger inter-model consensus. Under the climate warming scenarios, multi-model medians of both model daily maximum temperature and the analogue method indicate strong decadal increases in hot day frequency by the late twenty-first century, but the analogue method improves model consensus considerably. The decrease of transformer lifetime with temperature increase is further assessed. The improved inter-model consensus of the analogue method is viewed as a promising step toward providing actionable information for a more stable, reliable, and environmentally responsible national grid.
Abstract Large power transformers (LPTs) are critical yet vulnerable components of the power grid. More frequent and intense heat waves or high temperatures can degrade their operational lifetime and increase the risk of premature failure. Without adequate preparedness, a widespread situation could ultimately lead to prolonged grid disruption and incur excessive economic costs. Here, we investigate the potential impact of climate warming and corresponding shifts in summertime Bhot days^on a selected LPT located in the Northeast United States. We apply an analogue method, which detects the occurrence of hot days based on the salient, associated large-scale atmospheric conditions, to assess the risk of future change in their occurrence. Compared with the more conventional approach that relies on climate modelsimulated daily maximum temperature, the analogue method produces model medians of late twentieth century hot day frequency that are more consistent with observation and have stronger inter-model consensus. Under the climate warming scenarios, multi-model medians of both model daily maximum temperature and the analogue method indicate strong decadal increases in hot day frequency by the late twenty-first century, but the analogue method improves model consensus considerably. The decrease of transformer lifetime with temperature increase is further assessed. The improved inter-model consensus of the analogue method is viewed as a promising step toward providing actionable information for a more stable, reliable, and environmentally responsible national grid. and Tebaldi 2004; Sillmann et al. 2013a Sillmann et al. , 2013b Russo et al. 2014; Schoetter et al. 2015) . These indices largely represent moderately extreme events with reoccurrence times of a year or shorter. Another common approach is based on the application of an asymptotic extreme value theory for the behavior of extreme events with multi-year to multi-decade reoccurrence times that are of importance to engineering design and planning (Kharin et al. 2007 ). The results from these studies indicate that climate models capture observed properties of temperature extremes with some fidelity on the global scale (Kharin et al. 2013; Sillmann et al. 2013a) but show limitations at the local scale (Russo et al. 2014; Schoetter et al. 2015) . Some efforts are devoted to exploring the physical/dynamical mechanisms causing extreme temperature events and identifying distinctive large-scale atmospheric circulation patterns accompanying them (Grotjahn and Faure 2008; Lau and Nath 2012; Wu et al. 2012 ). Lau and Nath (2012) found that two models employed in their study were capable of reproducing the synoptic features associated with observed heat waves in various North American regions. Grotjahn (2013) demonstrated that daily maximum 2 m temperature from the community Climate System Model version 4 (CCSM4) grid points cannot capture the observed maximum temperature behavior in the California Central Valley, but the circulation index (Grotjahn 2011) constructed with the large-scale upper air circulation features from CCSM4 can provide notable skill in predicting the occurrence of extreme hot surface temperatures.
So far, there has been no comprehensive assessment of how skillfully current state-of-theart climate models simulate the synoptic conditions present during extreme hot temperature events and the role of such conditions in historical and future extreme temperature changes. Gao et al. (2014 Gao et al. ( , 2017 developed an Banalogue^approach that creates composites to associate prevailing synoptic atmospheric conditions with heavy precipitation at a local scale and successfully implemented this approach to detect the occurrence of heavy summer and winter precipitation over selected areas of the USA. In particular, when these composites are applied to an ensemble of the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al. 2012 ) twentieth century climate model simulations, more consistent multi-model median of heavy precipitation frequency with observation and a stronger model consensus is achieved compared to using model-simulated precipitation. However, it is not clear whether such an approach will yield similar performance for extreme hot temperature events. Toward the goal of assessing risk of LPTs from future hot days, we prototype this method to detect and predict hot day occurrence at an LPT location in the Northeast corridor of the USA.
First, we describe the procedure for building composites of synoptic-scale daily anomaly circulations that are thermodynamically associated with the Bhot^days at a transformer location through a joint analysis of station-based surface daily maximum temperature observations and gridded, daily atmospheric reanalysis data. We then diagnose, calibrate, and evaluate these composites as a predictive analogue for the occurrence of an observed, local Bhot day^event. Using CMIP5 simulations, we examine the performance of this analogue approach in reproducing the contemporaneous hot day occurrence against observations as compared to estimates based on climate model-simulated daily maximum air temperature. Projected changes in the hot day occurrence in response to different CMIP5 anthropogenic forcing scenarios are also examined. From these, we assess the economic/cost implications on LPTs from more frequent hot days. Note that the analogue method focuses primarily on the synoptic-scale, thermodynamic processes and conditions linked to the occurrences of locally observed Bhot^events. Thus, any local-scale, coupled land-atmosphere processes (i.e., soil moisture, radiative and turbulent heat fluxes) that would possibly modulate the association of local surface temperature with the large-scale environment are not explicitly taken into account. As we will show in the evaluation of the analogue's calibration and validation performances (Section 3), these omissions are minimal to the overall interpretations and conclusions that are drawn.
The paper is organized as follows: Section 2 discusses the network analysis used to determine meaningful components within the electric grid and the final selection of transformers based on Bbetweenness.^The climate datasets used in this study are also described. The development, calibration, and evaluation of the analogue for hot day occurrence are given in Section 3. In Section 4, we discuss the comparative performance of the analogue scheme against simulated daily maximum temperature when applied to CMIP5's late twentieth century historical climate as well as future climate under two radiative forcing scenarios, respectively. Section 5 discusses the threat of premature failure in LPTs and potential costs associated with future changes in hot day frequency. Summary and discussions are provided in Section 6.
Transformer selection and climate datasets
The USA is home to one of the largest connected networks of the electrical system, consisting of over 50,000 substation locations and connected by over 200,000 miles of transmission lines (Eto 2004) . We employ graph theory, also known as network analysis, to select the top 20 highest betweenness nodes (transformers) in the Northeastern United States for our analogue method analysis. Further discussion of network analysis is included in the supplementary materials.
The datasets used for this study include the Global Historical Climatology Network-Daily (GHCN-Daily) (Menne et al. 2012) , Modern Era Retrospective-analysis for Research and Applications Version 2 (MERRA-2; Bosilovich et al. 2016) , and the climate model simulations from the CMIP5 historical experiment (years 1850-2005) and experiments for the twenty-first century (years 2006-2100) employing two different radiative forcing scenarios, namely representative concentration pathways (RCP) 4.5 and 8.5 (Taylor et al. 2012) . The characteristics of each dataset and relevant data processing are described in the supplementary materials. The GHCN daily maximum temperature from the stations close to the transformers will be used to identify the observed hot days, while the MERRA-2 reanalysis is employed to construct the large-scale composites of atmospheric patterns associated with identified hot days, and to calibrate and evaluate the analogue scheme.
Calibration and evaluation of the analogue method
Currently, there is no universally accepted definition of a Bheat wave^event. Several of the more recent definitions are presented in Grotjahn (Grotjahn 2011 ; Table 1 ), such as consecutive days above a threshold value or percentile and combinations thereof. In this study, the stress from excessive heat on an LPT does not necessarily need to be from a prolonged event (i.e., multiple, consecutive days) and is also more directly associated to exceedance of an absolute temperature (average and/or daily maximum) rather than a more meteorologically based metric tied to a percentile exceedance. High temperatures affect the peak load capability of an LPT, which can decrease by about 10% at extreme temperatures (Sathaye Sathaye et al. 2011; Li et al. 2005) and increase the risk of transformer failure (Weekes et al. 2004; Fu et al. 2001) , while reducing the operational lifetime (Askari et al. 2009) . In this context, we are interested in the deterioration of an LPT associated with a preponderance of days-and anticipated trends in the coming decades-whose temperatures reach or exceed what are incrementally damaging as a result of ambient conditions and/or load burdens from electricity demands. Given the above considerations, our convention of a heat wave is a day in which the daily maximum temperature is at or exceeds 90°F (or~32°C) at an observation station or model grid, which is further justified by also considering the impact of humidity (as shown in the supplementary materials). In this context, a heat wave is viewed more conditionally as a hot day-and we will carry this nomenclature hereafter. We performed additional analysis for the high betweenness LPTs we identified to assess availability of nearby GHCN meteorological observations and found an LPT located in Southwest Pennsylvania (the red diamond in Fig. 1) . Within a 0.5°radius of the transformer, seven GHCN stations with daily maximum temperature observations are available. We have selected two of these stations that contained the longest records (20+ years of data) and located at an elevation that is close (within 10 s of meters) to that of the LPT. The common hot dates from two these stations are then used for the composite analyses. Figure 2 shows the composites as standardized anomalies, produced by averaging the MERRA-2 reanalysis atmospheric fields across the 157 observed hot days extracted from the GHCN observations of 1980-2002 for the June-August (JJA) season. The composites indicate that the hot days are associated with large-scale anticyclonic circulation at the midlevels of the atmosphere (Fig. 2a, b) , warm lower tropospheric temperature (at 850 hPa, not shown), and corresponding anomalous positive enthalpy (Fig. 2d) over the transformer area. Also evident are the negative anomalous vorticity (Fig. 2e) over the region and the presence of sinking air to the east and off the coast of the Carolinas that also extends eastward across the Bermuda Islands (Fig. 2c) . This large sinking region of air is consistent with the location of the classic BBermuda High^surface-pressure system, and the associated circulation supports the advection of warm near-surface air from the Gulf of Mexico that is spread across the eastern seaboard of the USA.
All the five composite variables in Fig. 2 are used as the basis for the analogue scheme to detect the occurrence of a hot day. We follow the same procedure as described in Gao et al. (2017) to develop, calibrate, and validate the analogue schemes and briefly review it here. Two metrics, Bhotspot^and spatial anomaly correlation coefficient (SACC), are employed to gauge whether the distinct synoptic conditions conducive to hot days identified by the composites (Fig. 2) have been replicated on any given day. We perform automatic calibration to determine the cutoff values for SACC and the number of hotspots of all five variables simultaneously. Five performance measures that are commonly used in Bconfusion matrix^are adopted, including true positive rate (TPR), false positive rate (FPR), accuracy (ACC, the ratio of combined true positives (TP) and true negatives (TN) to total population), precision (PPV, the proportion of correctly identified events to the total identified heavy events), and F1 score (the harmonic mean of PPV and TPR). The optimal cutoff values for SACC and the number of hotspots are achieved by producing the observed number of hot days with the best TPR. The determined detection criteria will be applied to the 2003-2006 MERRA-2 reanalysis as well as Fig. 1 Locations of transformers and weather stations Fig. 2 Composite fields as normalized anomalies at 2.5°× 2°for the transformer T2 in JJA: a 500 hPa zonal velocity (u 500 ), b 500 hPa meridional velocity (v 500 ), c 500 hPa vertical pressure velocity (w 500 ), d Vertically integrated enthalpy, and e 500 hPa vorticity (epv 500 ) based on 157 hot days the CMIP5 historical and future model-simulated daily meteorological conditions to obtain the analogue-based hot days by judging their similarities against the constructed composites. Additional information on detection criteria is included in the supplementary materials. Table 1 shows performance measures of the analogue scheme and MERRA-2 daily maximum temperature in detecting JJA hot days during calibration (1980-2002) and validation (2003-2006) periods. During the calibration period, the analogue scheme has slightly better performance metrics than the MERRA-2 daily maximum temperature, with higher TPR, PPV, and F1 score, slightly higher ACC, and slightly lower FPR. During the validation period, both analyses strongly overestimate the number of hot days, but the performances of MERRA-2 daily maximum temperature are better than those of the analogue scheme. Note that MERRA is not purely model-based but assimilates a number of observations-primarily states, motions, and transport in the atmosphere throughout both periods. The analogue scheme, however, is evaluated to the data that is independent from the training data used for tuning. Since MERRA is considered to be as close to a global gridded observational dataset as one can find, it is not surprising that it performs well, or outperforms the analogue scheme in some cases. The FPRs and ACC are fairly insensitive measures with minor changes across two periods and two analyses and likely attributed to our unbalanced dataset with non-hot days (and thus TN) occupying the large portion. Worthy to note is that the statistics of performance measures during the validation period may not be robust due to relatively short record length.
We also examine the performances of the analogue scheme and MERRA-2 daily maximum temperature in depicting the interannual variations of JJA hot day frequency from 1980 to 2002 (calibration) and 2003 to 2006 (validation) and find both analyses to reproduce the observed interannual variations of summer hot day frequency reasonably well. Further discussion is included in the supplementary materials.
Late twentieth century hot day frequency and projected future changes
Next, we apply the analogue scheme to the CMIP5 late twentieth century model simulations. This is achieved by judging the CMIP5 model-simulated daily meteorological conditions of 1980 to 2002 against the constructed composites (e.g., Figure 2 ) for their similarity in terms of the established Bcriteria of detection.^Any day when the criteria of detection are met would be considered as a hot day. Figure 3 displays the comparisons of the number of 1980-2002 summer hot days obtained from the CMIP5 model daily maximum temperature and the analogue scheme across 20 climate models, from MERRA-2daily maximum temperature, and from the station observation. Strikingly evident is that the daily maximum temperature-based analyses (Bhis_tmx^) from all the models exhibit a wide degree of estimation and the resulting hot day frequencies demonstrate a wide inter-interquartile range (IQR, ≈ 450 days) and inter-model spread (≈ 1035 days). More models tend to underestimate the number of hot days with the multi-model median below the observation. In contrast, the results from the analogue scheme (Bhis_ana^) produce more consistent multi-model medians with the observation as well as much reduced IQRs (≈ 80 days) and inter-model ranges (≈ 160 days). The central tendency of the analogue scheme slightly overestimates the number of hot days with the observation falling just below the multi-model median. Overall, the analogue scheme improves upon the model daily maximum temperature in the assessment of late twentieth century hot day frequency from the perspectives of both accuracy (consistencies of multi-model medians with observation) and precision (inter-model spreads). This demonstrates that state-of-the-art climate models are capable of reproducing the atmospheric synoptic conditions associated with hot days with realistic frequency. Accordingly, the analogue scheme based on resolved large-scale circulation features presents collectively better skill in identifying the observed cumulative hot day occurrence compared to estimates from model-simulated daily maximum surface air temperature. Figure 3b displays the changes in hot day frequency estimated from an ensemble of CMIP5 model daily maximum temperature and the analogue scheme under RCP8.5 and 4.5 scenarios. The change is analyzed between the 23-year period of 2070 to 2092 and 2010 to 2032 and expressed as number of days per year. Under the RCP8.5 scenario, the multi-model medians of both analyses indicate pronounced increases in hot day frequency, with medians of both analyses showing about 23 more days/year by the end of the century; this change is nearly quadruple the average number of events (~6) seen every summer through the historical period (1980-2006, see Table 1 ). All the models from both analyses consistently show the increases in frequency. Intermodel disagreements in the magnitude of change remain larger for model daily maximum temperature than for the analogue result, ranging from increases of 3 ∼ 48 and 9 ∼ 37 days per year, respectively. The analogue scheme, however, provides a much reduced IQR (≈ 7 days), about one third as much as that of model daily maximum temperature (≈ 20 days).As expected, the increases in the hot day frequency from both analyses are less pronounced under the lower emission scenario RCP4.5, with multi-model medians showing 8.4 more days/year for daily maximum temperature and 7.2 more days/year for the analogue scheme. However, this median result implies that even under a strong mitigation scenario, the number of hot days during JJAwill be double that from the historical period. The mitigation tends to shift not only the multi-model medians but also the entire distributions toward the smaller increases in hot day frequency. Nevertheless, all the models from both analyses show consistency in the sign of change (increase). The inter-model discrepancies are largely reduced due to the smaller radiative forcing, ranging from increase of 0.1-22 and 1.6-12 days per year for daily maximum temperature and the analogue scheme, respectively. Likewise, the IQR of the analogue result (≈ 3 days) is about one third as much as that of model daily maximum temperature (≈ 11 days). Overall, the analogue scheme improves upon model daily maximum temperature by producing a much stronger model consensus in both emission scenarios.
Economic impacts
Failure of a transformer can lead to widespread outages for prolonged periods of time, incurring economic costs in terms of lost wages and productivity (Sullivan et al. 2015) . Moreover, the manufacture and delivery of LPTs is a complicated process involvingseveral industries and complex logistics and lead times on LPT replacement can be in the range of years. LPTs are vulnerable to overheating and must be monitored closely to maintain proper operating temperatures. The cooling systems of LPTs are designed such that a threshold temperature of about 90°C-the temperature at which the insulating paper begins degradation (Godina et al. 2015) -is rarely or ever exceeded. The transformer rating (in kVA) is based on a 24-h average temperature of 30°C (IEEE 2012), and any temperature above this value decreases the KVA rating by about 1% per degrees Celsius. The expected lifetime of a transformer is related to the operating temperature which ages the insulating paper between the windings (as shown in the supplementary materials). Using thermal models that describe the top oil temperature in the transformer as a function of ambient temperature, we can then determine how much oil temperature rise would be expected if the climate is warmed by several degrees (as shown in the supplementary materials). Combining the information above, we find that for a background 1°C rise in temperature, the lifetime of the transformer decreases by 4 years-or a 10% reduction. Therefore, when considering the RCP4.5 and RCP8.5 end-of-century mean global warming projections over the LPT area of~2 and 4°C, respectively (IPCC 2013-see, e.g., Figure SPM .7), we can extrapolate that the mean impact on expected transformer lifetime would culminate (by the end of the century) to a range of 20-40%. However, as our hot day assessment has shown, the threat from the occurrence of extreme heat events could double and has the potential to go up by a factor of five (under no mitigation) by the end of the century. To consider more explicitly how more frequent hot days could decrease the expected lifetime and incur additional costs, more advanced models for transformer aging based on the hottest oil temperature rather than the top oil temperature can be used as guides (as shown in the supplementary materials). The economic impact of hot days on LPTs can be given by loss of equipment, as well as the cost of losing service to a large area of electrical customers. For the capital costs of LPTs, the prices are given (U.S. DOE 2012) as $7,500,000 for a 750-MVA 765-138-kV three-phase transformer, close to what was listed in Pletka et al. (2014) . Moreover, Lawrence Berkeley National Laboratory gives the average per event 8-h interruption cost for residential customers, small commercial and industrial customers, and medium and large commercial and industrial customers as $ 17.20, $4,690, and $84,083, respectively (Sullivan et al. 2015) . The cost of simply repairing or replacing the transformer goes far beyond the substation walls and has vast impacts throughout the surrounding area. Critical facilities such as hospitals, places of refuge, and emergency services could also be affected, further incurring both economic and potentially human costs.
Summary and discussion
In this study, we focus on how human-induced changes in climate affect hot days that could then damage the LPTs that are critical to the functioning of the electric power grid in the Northeast corridor of the USA. Methods that assess hot days based on model-simulated daily maximum air temperature pose a challenge for assessing the potential threat or risk-as we have found a weak consensus among model simulations. We develop an analogue method for detecting the occurrence of hot days based on the prevailing large-scale atmospheric conditions (Bcomposites^) and eschew the use of model-simulated daily maximum temperature. The composites are constructed for the summer season (JJA) of a targeted LPT location through a joint analysis of station-based daily maximum temperature observation and atmospheric reanalysis. The identified synoptic regimes demonstrate that hot days can be predominantly associated with mid-tropospheric anticyclonic circulation, warm lower tropospheric temperature, and negative vorticity-with all features centered over the area of interest (i.e., approximate location of LPT).
We evaluate the constructed composites as a predictive analogue for hot days. The detection diagnostics of the analogue scheme are first calibrated with 23-year (1980-2002) and then validated with 4-year (2003-2006) MERRA-2 reanalysis. The analogue scheme is found to be comparable to MERRA-2 daily maximum temperature in characterizing the number and interannual variations of observed summer hot days during both periods. With regard to the late twentieth century summer hot day frequencies from an ensemble of CMIP5 models, hot day frequencies based on model-simulated daily maximum temperature exhibit a weak consensus with a wide IQR and inter-model spread. In contrast, the results from the analogue scheme based on the calibrated optimal threshold values produce a more consistent multi-model median with the observation and also have substantially reduced IQR and intermodel range. This indicates that the climate models are able to reproduce the large-scale atmospheric conditions associated with hot days with realistic frequencies.
The multi-model medians of both model-simulated daily maximum temperature and the analogue scheme indicate strong decadal increases in hot day frequency by the end of the twenty-first century relative to the 2010-2032 period. The increases are more pronounced under the higher emission scenario (RCP8.5). The mitigation with the lower emission (RCP4.5) tends to shift the multi-model central tendency and distributions toward smaller increases, suggesting that the climate policies adopted in the coming decades will affect the occurrence of hot days. Under both scenarios, all the models from both analyses demonstrate consistency in the sign of change (increase). However, the analogue scheme exhibits much stronger model consensus of the trend (i.e., smaller IQRs) than daily maximum temperature trend estimate.
Notably, the analogue method is implemented under the supposition that large-scale atmospheric conditions play a salient role in the occurrence of an extreme event at the local scale. Thus, alterations of small-scale processes and environments associated with climate change that are not captured by the analogue scheme may introduce a bias in our assessment. Nevertheless, our results indicate that the analogue scheme based on Bresolved^large-scale atmospheric features provides skillful assessments of the late twentieth century hot day frequencies and a stronger consensus of future change and thus shows promise as improved and value-added diagnosis against an evaluation that considers model-simulated daily maximum temperature alone.
We showed that there are economic impacts for LPTsoperating at elevated ambient temperatures, as well as during hot days. Higher temperatures are known to degrade the insulation inside the LPTs, putting them at risk for catastrophic failure. Moreover, the degradation is cumulative, so more frequent and more intense hot days could rapidly reduce the lifetime of an LPT, making failure more likely. Failures of LPTs have economic impacts in terms of replacement costs and impacts on the service area associated with the LPT. In this pilot study, the analogue method has been demonstrated to provide a stronger model consensus of trends in future hot day frequency for a particular LPTsite of interest, and thus holds promise as a salient stride toward more reliable and actionable climate change information. In particular, for the case of assessing risks of premature failure of our nation's aging network of power transformers, they are very time-consumptive and costly to replace and number in the 1000 s. Given these considerations, our future analyses will focus on expanding this analogue method for hot day assessments to provide network coverage of the grid, identify critical junctures/clusters in the grid at high risk, and expand technical and econometric analyses to more explicitly account for the degrading effects and costs of extreme, episodic heat wave events on transformers (as well as other components of the grid). We see this effort as a promising step forward to not only evaluate the potential incurred damage and economic loss but also inform strategies for a more stable, reliable, and environmentally responsible electric grid.
